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[57] ABSTRACT 

The present invention relates to musical instruments and 
methods and apparatus for producing notes of a musical 
scale With real strings. More particularly, it relates to the 
division by frets, of the ?ngerboard, or neck, of a fretted 
stringed musical instrument, to obtain a desired musical 
scale With a speci?c set of strings. One embodiment of the 
invention is described in Which the 12-tone equal-tempered 
scale is accurately produced on a guitar With steel strings 
having suf?cient bending stiffness to cause audible intona 
tion errors inherent in steel-stringed guitars of prior art. 
According to another embodiment of the invention, the 
musical scale is additionally tempered to approximate the 
12-tone, equal-tempered scale While minimizing audible 
beats that occur When playing intervals and chords due to 
inharmonic frequency components inherent in tones gener 
ated by vibrating guitar strings. Manufacturing methods 
With respect to Wound strings, and With respect to boundary 
conditions, are also explained. The calculation of fret dis 
tances from the bridge are done individually for each 
combination of fret and string. These calculations include a 
compensation for the tension increase resulting from fretting 
the string. As a result, the choice of action pro?le and the 
choice of string properties are decoupled from tuning and 
intonation, and a guitar can be built to play in tune With a 
given action pro?le With an independently given set of 
strings. 

69 Claims, 8 Drawing Sheets 
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FIG. 3 
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STRINGED MUSICAL INSTRUMENT AND 
METHODS OF MANUFACTURING SAME 

BACKGROUND OF THE INVENTION 
Just And Mean-Tone Tunings 

The octave is universally recognized as the most natural 
musical interval other than the unison. Traditionally, the 
division of the octave into smaller intervals Was made With 
frequency ratios of small integers (called “just” intervals) so 
that harmonic relationships betWeen the notes could be 
achieved. It Was recognized that a scale composed entirely 
of just intervals had inevitable pitch errors because concat 
enated just intervals do not form an exact octave. With 
?xed-pitch instruments, various tunings evolved, in Which 
the residual errors, knoWn as commas, Were lumped onto 
different intervals of the musical scale. Mean-tone tuning 
Was invented to distribute the comma onto tWo adjacent 
intervals, such that neither interval had a large amount of 
error compared to their “just” counterparts. 
Tempered Tunings 

The frequency chosen to begin and end the scale de?nes 
the key of a musical expression. The key, in turn, de?nes the 
frequencies of the set of notes Within the scale. Over the 
most recent several centuries, transitions betWeen multiple 
keys Within the same piece of music became a prominent 
feature of music. The necessity to play notes from all keys 
on demand presented special challenges in tuning the 
instruments, because, on most common instruments With 
?xed tuning, such as 12-tone keyboards, near-harmonious 
tunings, such as the traditional mean tone tuning, could not 
be achieved in multiple keys simultaneously. This lead to 
various compromised tunings and the concept of “temper 
ing” the division of the octave to facilitate transposing 
betWeen keys Without re-tuning. Mean-tone tuning, Which 
can be considered a tempered scale itself, found its ultimate 
expression in equal temperament, in Which the octave is 
divided into intervals that are exactly equal to one another. 
With the equal-tempered scale, the comma is spread onto all 
intervals of the octave. 

It should be noted that the equal-tempered scale compro 
mises the harmony found in “just” and mean-tone tunings in 
favor of the freedom to change keys. But because music in 
Western cultures has continued to evolve Within this scale, 
and in?uenced other cultures as Well, key transpositions 
have become a necessary part of a signi?cant musical 
heritage. As a result, a contemporary musical instrument 
must be able to produce, as accurately as possible, the 
12-tone equal-tempered scale. 
Equal Temperament and Geometric Series 
A series of numbers in Which each number is a constant 

multiple of the previous number is called a geometric series 
and the constant is called the geometric constant. The 
frequencies of the descending 12-tone equal-tempered scale 
are comprised of a geometric series With a geometric con 
stant k Whose value is 

l 
k = — 

21/12 

Here, the number 2 represents the octave ratio, and 12 is 
the number of intervals Within the octave. If truncated after 
4 signi?cant digits, this constant yields the decimal value 
k=0.9438. 
The Rule Of 18 
A common practice in the manufacture of the neck of a 

guitar is knoWn as “the rule of 18”. This rule requires that 
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2 
starting With the ?rst fret from the nut, each fret be placed 
at 17/18 of the previous fret’s distance to the bridge. As a 
consequence, the vibrating lengths of a string being fretted 
at successive frets comprise a geometric series With a 
geometric constant of 17/18. The decimal equivalent of the 
fraction 17/118, accurate to 4 signi?cant digits, is 0.9444. This 
value is close to the value k Within approximately 0.06%. In 
other Words, the rule of 18 divides the neck of a musical 
instrument With nearly the same relationship as the frequen 
cies of the 12-tone equal tempered scale. 
US. Pat. No. 2,649,828 by Maccaferri, US. Pat. No. 

4,132,143 by Stone, and US. Pat. No. 5,600,079 by Feiten 
make references to the inaccuracy of the fraction 17/18. 
Maccaferri and Feiten give accurate decimal values for k. 
Whether the fraction 17/18 or a more accurate value of k is 

used, When building a guitar neck prior to the present 
invention, the frets had to be located With respect to scale 
length, but Without respect to any other dimensions of the 
guitar or physical properties of strings. 
With modern manufacturing it is not necessary to cut fret 

grooves one at a time or to calculate one fret’s location from 
measurements on another. On a guitar neck that is divided 
conventionally, With the geometric constant k, the distance 
of any fret from the bridge can be represented for all frets by 
the single mathematical expression 

(1) 
1, 

In equation (1) n is the fret number, and Ln is the active 
length of the string (distance from active fret to bridge). LO 
(distance betWeen nut and bridge) is de?ned as the scale 
length of the instrument. Equation (1) de?nes the location of 
all frets on an instrument correctly built according to the 
prior-art technique of geometric neck division. Referring to 
the geometric constant of equal temperament, note that 
Equation (1) can also be Written as 

This equation that de?nes fret locations of a conventional 
guitar contrasts With the equation that de?nes fret locations 
according to the present invention, in that the latter equation 
contains additional terms. These additional terms relate to 
string properties. 

SUMMARY OF THE INVENTION 

The present invention relates to musical instruments. In 
particular, the present invention relates to instruments and 
methods for producing accurately tuned notes on fretted 
instruments, and other related methods and devices. 
One embodiment of the invention is a stringed musical 

instrument comprising a bridge, a neck, a nut, and a plurality 
of frets. The frets are spaced along the neck at respective 
distances from the nut. At least one of the respective 
distances from the nut is calculated from a predetermined 
formula having a string stiffness parameter or parameters. 

In another embodiment of a stringed musical instrument, 
each fret includes a ?rst portion and a second portion. The 
?rst portion of at least one of the frets is spaced a respective 
?rst portion distance from the nut. The respective ?rst 
portion distance of the one fret is calculated from a prede 
termined formula having a ?rst string stiffness parameter. 
The formula for calculating the location of the second 
portion of the fret relative to the nut includes a second string 
stiffness parameter, rather than the ?rst string stiffness 
parameter. 
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As Will be apparent from the teachings herein, the present 
invention also includes methods of manufacturing musical 
instruments. One method comprises the steps of calculating 
the desired positions at Which to locate the frets, and locating 
the frets at the desired positions. The step of calculating is 
a function of the respective stiffnesses of the respective 
strings. Generally, the stiffnesses may include bending 
components, longitudinal components, or a combination of 
the tWo. 

Another method of manufacturing a musical instrument 
comprises the steps of selecting a musical scale, and calcu 
lating an open-scale length for a ?rst real string. The ?rst real 
string has a stiffness to produce a ?rst open-scale note of the 
musical scale. And, the step of calculating includes solving 
a formula having a string stiffness parameter and utiliZing 
the ?rst string stiffness as value for the stiffness parameters. 

One embodiment of the invention comprises the steps of 
utiliZing real strings having real stiffnesses; calculating the 
desired positions at Which to locate the frets; and locating the 
frets at the desired positions. The step of calculating the 
positions includes utiliZing a formula accounting for the real 
stiffnesses of the real strings. Tension changes due to fretting 
are accounted for in some embodiments. 

The invention also includes a stringed musical instrument 
comprised in part of a neck, a plurality of frets, and a nut. 
The neck has a longitudinal aXis. The frets are oblique 
relative to the longitudinal aXis of the neck. In this 
embodiment, the nut also is perpendicular to the longitudinal 
aXis of the neck. 
One stringed musical instrument according to the inven 

tion includes frets fanned across the neck. A majority of the 
fanned frets are oblique relative to the longitudinal aXis of 
the neck. In some embodiments, at least tWo of the fanned 
frets are parallel to each other. 

The present invention also comprises a ?ngerboard for a 
musical instrument. One embodiment comprises the frets’ 
each having a ?rst portion located at a predetermined 
distance relative to a nut of the musical instrument. 
Generally, the predetermined distances are calculated for a 
?rst real string having a stiffness such that the ?rst real string 
Will produce notes of a predetermined scale. The formula for 
locating the ?rst portions of the frets for the ?rst real string 
may include a tension increase due to fretting 

A method of producing notes of a musical scale is 
encompassed by the present invention. One method com 
prises the steps of selecting a musical scale; stringing a 
musical instrument With a real string and locating a plurality 
of frets under the real string The frets are located such that 
When the real string is depressed at one of the frets and 
plucked the real string Will produce a note of the aforemen 
tioned selected musical scale. The step of locating the frets 
includes calculating respective distances relative to the nut 
With a formula having one or more stiffness parameters and 
mass parameters of the real string. A tension increase 
parameter equal to the tension increase of a real string as it 
is depressed to make contact With the fret is included in the 
formula for some embodiments. 

Another method of producing notes of a musical scale 
comprises the steps of calculating a plurality of locations to 
depress a real string having a stiffness. Typically the real 
string has a corresponding tension increase. The method also 
includes depressing the real string at one of the fret locations 
and vibrating the real string. The step of calculating the fret 
location includes accounting for the stiffness of the real 
string. The method may account for tension increase of the 
real string as Well. 
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4 
The invention also includes a method of achieving accu 

rate tuning of a stringed instrument. One method comprises 
the steps of selecting a predetermined musical scale and 
positioning the frets under each real string to account for a 
respective stiffness of each string. 

Accordingly, an object of the present invention is to 
manufacture a guitar or similar instrument, the fret locations 
of Which are chosen to accurately produce the frequencies of 
a desired scale, taking into account the frequency shifts 
produced by the stiffness of the strings and by tension 
increase due to string depression While fretting. 

Another object of the present invention is to manufacture 
a fretted musical instrument, the fret locations on Which are 
chosen to minimiZe beats betWeen the partials of the notes 
played simultaneously, for eXample When playing a chord. 

Another object is to provide fretted musical instruments 
having a longitudinal neck pro?le selected to control the 
tension increase upon fretting of the strings. 

Other objects and advantages of the present invention Will 
be apparent to those of skill in the art from the teachings 
disclosed herein, including reference to the attached draW 
ings and claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a plan vieW of a prior art stringed instrument. 

FIG. 2 is an enlarged vieW of the neck of the instrument 
shoWn in FIG. 1. 

FIG. 3 is an enlarged vieW of a portion of the neck shoWn 
in FIG. 2. 

FIG. 4 is an enlarged vieW shoWing sections of a neck of 
a stringed instrument according to the present invention. 

FIG. 5 is a vieW of a neck similar to the one shoWn in FIG. 
4. Strings of increasing thickness, and corresponding 
stiffness, are depicted over slanted frets. 

FIG. 6 is a vieW of a neck similar to the one shoWn in FIG. 
5. HoWever, the frets are curved and slanted. 

FIG. 7 is an enlarged partial vieW of a neck With slanted 
frets. The frets have portions located under each string at 
respective distances to account for the different stiffnesses of 
the strings. 

FIG. 8 is a broken vieW of a neck of an instrument of the 
present invention. Open-scale lengths and fretted-scale 
lengths are selected to optimiZe properties of the string, 
including stiffness and ?nger pressure. 

FIG. 9 shoWs a conventional fretboard having parallel 
frets compared to a fret board according to the present 
invention. The frets are positioned for steel strings having 
0.010 inch thickness for the high-E string (right side) and 
0.045 inch thickness for the loW-E string (left side). 

FIG. 10 depicts a fundamental mode for a pinned string 
(top) and a fundamental mode for a clamped string (bottom). 

FIG. 11 is similar to FIG. 4. The frets are shoWn fanned. 

FIG. 12 shoWs an elevated side schematic vieW of a 
fretted string. The open, or non-fretted shape is shoWn in a 
phantom line. 

FIG. 13 is a vieW similar to FIG. 12, schematically 
shoWing a curved concave longitudinal neck pro?le. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention relates to stringed musical instru 
ments. More particularly the present invention relates to 
methods of manufacturing fretted stringed musical instru 
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ments in such a Way that notes of musical scales can be 
produced accurately. These methods, and apparatus related 
thereto, are accomplished by accounting for the stiffness in, 
and in some embodiments tension increase due to fretting of, 
real strings of the stringed musical instrument. The present 
invention Will be most readily understood by reference to the 
attached draWings Wherein like reference numerals and 
characters refer to like parts. 

In reality, a guitar string, for eXample, is not an ideal string 
as de?ned in the Background Section. It has bending stiff 
ness due to its thickness and modulus of elasticity. The 
present invention utiliZes calculations With additional terms, 
as compared to ideal string calculations, Which pertain to 
certain physical properties of strings, and to dimensions 
other than the scale length of the instrument. 

Distinction BetWeen Free Vibrations Of Ideal Strings And 
Real Strings 

For clarity and convenience, We shall de?ne and explicitly 
classify three distinct categories of string-like mechanical 
structures undergoing transverse vibrations. These are: 

a) Cable 
b) Beam 
c) Real string. 

These structures are hereby de?ned as folloWs: 

Cable: String-like structure under signi?cant tension that 
has negligible bending stiffness. 

Beam: String-like structure With signi?cant bending stiff 
ness that is under negligible tension. 

Real string: String-like structure With signi?cant bending 
stiffness that is under signi?cant tension. 

Referring to these de?nitions, We point out that the 
conventional neck division method is commensurate With 
equal temperament When the strings are assumed to be 
cables. The present invention includes as one of its 
objectives, a novel neck division that is commensurate With 
equal temperament When the strings are assumed to be real 
strings. 
Vibrations Of Cables And Beams 

If Ln is the free length of a cable or beam that is stretched 
betWeen tWo rigid boundaries, then the fundamental natural 
frequency, f, of its transverse vibrations can be calculated 
With one of tWo formulas (Equations 2a and 2b): 
A. Cable frequency: 

_ _ 1 T (23) 

f — fc — E - 5 

Where 

d=linear density (mass per unit length) of string 
T=tension. 

B. Beam frequency: 

_ X2 E-I (2b) 

f_fb _ Z-7r-Li- 7 

Where 

E=Young’s modulus. 
I=second moment of inertia of cross section. 
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For a solid circular cross section With a diameter D, 

The product of E and I is sometimes referred to as section 
modulus. 
X is a boundary coef?cient, Whose value depends on 

boundary conditions. For pinned conditions X2=9.869 and 
for clamped conditions X2=22.37. See FIG. 10. 

It should be noted that only the beam frequency is a 
function of string diameter and only the cable frequency is 
a function of tension. 
When the frequencies from Equation (2a) With n=1, 2, 3, 

4 . . . are compared With those of the 12-tone equal-tempered 

scale, the physical meaning of the geometric neck division 
(Equation 1) and the rule of 18 can be understood as folloWs: 
The mathematical eXpression for the set of frequencies 

comprising the 12-tone equal-tempered scale is 

f ,,=f 0'2” 12 (3) 

Where f0 is the frequency of the beginning of the scale 
(tonic), n is the number of the note in the scale, and fn is the 
frequency of note n. For eXample, flz is the frequency of the 
12’ note, or the end of the scale (octave). 

If We restrict our analysis With the assumption that the 
string behaves as a cable, We can combine Equation (2a) and 
Equation (3) to obtain 

One end of the string is constrained at the bridge. When 
the other end of the string is constrained at the nut (n=0), and 
string tension T is adjusted until the frequency f0 becomes 
the standard pitch for the open string, the string is tuned. The 
tuning of the open string also determines the fretted string 
frequencies according to Equation For eXample With the 
?rst fret (n=1), Equation (4) becomes 

Frequencies of other frets can be likeWise calculated by 

substituting for n, the desired fret number in equation Hence, by incrementing the fret number one at a time (n=2, 

3, 4 . . . etc.), equation (4) yields the scale of frequencies that 
Would be produced by an ideal string (or cable). The number 
n can be greater than 12 and frequencies in the neXt octave 
can be obtained. 

Note that if We assume that a guitar string behaves strictly 
as a cable, and if We further assume that tension Would 
remain the same Whether the string is fretted or open, then 
the frequency produced With the 12th fret Would be f12=fO~2 
(per Equation 3). Thus, the octave of the open string 
frequency Would be produced With the 12th fret Without a 
length compensation at the bridge being necessary. 

Because of action height, fretting the string stretches it 
slightly, increasing its tension. As a result, a plucked guitar 
string vibrates at a frequency slightly greater than that 
obtained from Equation As Will be explained beloW, the 
resulting frequency difference is not constant throughout the 
neck, but increases at higher frets. 

Researchers involved in the prior art of musical instru 
ment making (luthiers) did not recogniZe the importance of 

(4) 
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these phenomena and failed to develop a more accurate 
formula to divide the neck of an instrument to cancel their 
effects on tuning. Instead, they invented devices and meth 
ods to partially compensate for the problems caused by an 
incorrect division of the neck. These corrections are collec 
tively knoWn in the prior art as “intonating” the instrument. 
Part of the reason for this practice is that the accurate neck 
division is dependent upon the properties of strings to be 
used, as Well as other factors not directly related to the 
?ngerboard. 

Intonation methods involve altering the scale length LO 
for each string individually. These methods include adding 
a length compensation to the string at the bridge (US. Pat. 
Nos. 2,740,313; 4,281,576; 4,541,320; 4,236,433; 4,373, 
417; 4,867,031); at the nut (US. Pat. Nos. 3,599,524; and 
5,461,956); or both. 

Adjusting the string length LO indeed alloWs bringing the 
note produced at any given fret in tune With the note of the 
open string or another fret. But, as can be seen from 
Equation (4), changing the length of the string Will affect 
frequencies of all frets at once. If the division of the neck is 
not correct, each string can be correctly intonated only at one 
fret. Therefore, intonation devices and guitar tuning systems 
conceived prior to the present invention are not capable of 
achieving accurate tuning for the Whole instrument. Prior art 
methods improve intonation in one area of the neck at the 
eXpense of another area; they do not properly address a root 
cause of the problem. A fundamental problem With prior art 
approaches is that the neck division is incorrect. 

Various traditional or modern intonation methods have 
been developed. These methods represent the art of ?nding 
a good compromise. They attempt to make most of the 
intervals and most of the chords as harmonious as possible 
When dealing With an incorrectly divided neck, eg a neck 
divided according to Equation Most notably, Feiten 
Systems, Inc., under “BuZZ Feiten Tuning System,” has 
developed a methodical approach for minimiZing the audible 
effects of incorrect neck division With guitars that are 
compromised by prior-art neck division techniques includ 
ing the one described by B. Feiten in US. Pat. No. 5,600, 
079. 

In guitar strings that are tuned to standard pitch, aXial 
tension is suf?ciently high so that When the string is momen 
tarily displaced from its quiescent position, the restoring 
force that results from bending stiffness is very small com 
pared to that produced by tension. As a result, the natural 
frequency of vibration of a guitar string is close to that of a 
cable. But the difference, hoWever small, is audible in most 
notes produced on a guitar When played as chords. 
A guitar string is neither a cable, nor a beam. It is under 

aXial tension but has bending stiffness due to its thickness 
and modulus of elasticity. As a result, a plucked guitar string 
vibrates at a frequency that is slightly greater than that 
obtained from Equation (2a). This greater frequency, L, of 
the real string, can be calculated from equations (2a) and 
(2b) With the additional use of equation (5): 

Referring to equations (2a) and (2b) it should be noticed 
that for suf?ciently long strings under suf?cient tension, fb 
can become negligibly small relative to fa. If that is the case, 
as it is evident from equation (5) the string’s fundamental 
frequency f5 is approximately equal to the cable frequency 
fa. This small frequency difference is not constant through 
out the neck but it increases at higher frets because Ln 
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becomes shorter. “Higher frets” is generally intended to 
mean frets closer to the bridge. Since the active length of the 
string is betWeen the bridge and the fret, strings fretted 
closer to the bridge have shorter (or smaller) active lengths. 
The folloWing eXample may serve as a demonstration of 

the physical meaning of Equations (2) and When the 
guitar is in tune, the operating frequency is L. It can be 
observed that When the string tension is reduced (for 
eXample for replacing an old string) the resonant frequency 
of the string goes doWn. But When there is no tension left, 
the frequency does not go doWn all the Way to Zero. This 
remaining loW frequency of the limp guitar string is the 
beam frequency fb. For strings With very small diameter 
(loW bending stiffness), the beam frequency is very loW, and 
When in tune, the string frequency is suf?ciently close to the 
cable frequency. But for guitar strings of relatively large 
diameter this is not the case. 
Due to this small frequency contribution resulting from 

the bending stiffness of real strings, When the division of the 
fret board is geometric, the musical intervals that are pro 
duced do not exactly constitute equal temperament. 
Calculation Of Partial Frequencies And Corresponding 
String Lengths 
The cable frequencies are a harmonic series (integer 

multiples of the fundamental cable frequency). They are 
obtained by multiplying the fundamental cable frequency 
(Equation 2a) by the mode number. 
The beam frequencies are calculated for each mode, by 

substituting in Equation 2b the corresponding value of the 
modal constant X, depending on boundary conditions. 
For pinned boundary conditions (rotationally 

unconstrained) at both ends of the string, the value of the 
modal constant X for the m”1 mode of beam vibration is 
found as the m”1 root of the equation 

sin X=0 

For clamped boundary conditions (rotationally 
constrained) at both ends of the string, the value of the modal 
constant X for the m”1 mode of beam vibration is found as 
the m”1 root of the equation 

1-cos X-cosh X=0 

The ?rst 6 modal constants are shoWn in Table 1 beloW. 

TABLE 1 

mode number m Xm pinned Xm clamped 

1 n 4.7300 

2 2n 7.8532 
3 3n 10.996 
4 4n 14.137 
5 5n 17.279 
6 6n 20.420 

Table 1 lists the modal constants for the loWest 6 natural 
modes of transverse vibrations of a beam With pinned and 
clamped boundary conditions. 

Using the modal constant of the m-th mode (Xm) from 
Table 1 We substitute Equations (2a) and (2b) into Equation 
(5). Thus We obtain 

1 T (6) 

Equation (6) gives the m”1 natural frequency of a guitar 
string fretted at the n-th fret, fm?. This is the frequency of the 
m”1 partial of the sound that is produced When it is plucked. 
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Inversely, if the frequency of a natural mode is known, 
and the corresponding string length is sought, it is possible 
to determine the unknoWn length by squaring and 
re-arranging Equation (6) and expressing it as a quadratic 
equation in (fm?)2 and 

Where 

With 

The Effect of Action Height on Intonation: 
The open string is tuned When its section betWeen the 

bridge and the nut is a straight line. HoWever, When the 
string is depressed to make contact With a fret, its length is 
increased. This results in an increase in string tension and 
consequently an upWard shift in frequency. The overall 
objective leading to the present invention Was to calculate 
fret locations to cancel all tuning errors. A method to 
compensate for the tension increase that results from 
fretting, is therefore embodied in the invention. 

Prior to this invention, attempts have been made to 
achieve better intonation by bringing the nut closer to the 
bridge than the rule of 18 standard. For example, Mosrite 
Guitar Company advertised as early as the 1950’s the 
improvement of intonation achieved by this method. The 
amount by Which to relocate the nut depends on the strings 
to be used and action height. Individual luthiers have built 
and customiZed guitars by relocating the nut, With various 
degrees of success. More recently, in US. Pat. No. 5,600, 
079, Feiten gives speci?c amounts by Which to reduce the 
distance betWeen the nut and the ?rst fret, depending on the 
type of electric or acoustic guitar being designed. The 
resulting increase in the fret-to-bridge distance relative to 
scale length loWers the frequency of the fretted string 
relative to the frequency of the open string. This is intended 
to compensate for the frequency increase that occurs as a 
result of fretting the string. HoWever, the amount of tension 
increase that results from fretting is not constant for all frets, 
and furthermore it is a function of several variables over 
looked by these prior-art neck division methods. These 
variables include spacing betWeen adjacent frets, fret depth, 
action height and distance from the nut, among others. 
Therefore, the exact length compensation that Would be 
necessary to achieve full cancellation is different for each 
fret. 

The prior-art methods of nut placement require all frets to 
have the same compensation relative to the nut. In contrast, 
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10 
according to the present invention, complete cancellation is 
achieved With all frets, because the vibrating string length is 
calculated With Equation (6) for each fret separately from 
tension, including the calculated tension increase that results 
from fretting. For the purpose of calculating string elonga 
tion and tension increase, the assumption of an approximate, 
geometric division of the neck (per prior art) yields suf?cient 
accuracy. HoWever, greater accuracy can be obtained by 
iterations, if desired. The assumption of an approximate, 
geometric division may be used only to calculate the length 
increase and associated tension increase that results from 
fretting. 

In FIG. 12 a string 42 is shoWn fretted. The open string 96 
is shoWn in a dashed phantom line. The ?nger force depress 
ing the string is represented by tWo vectors and shoWn as 
arroWs 95 that are offset by a ?nger Width. The ?nger 
position is shoWn as approximately 0.5 of the fret spacing 
and the string 42 is shoWn to be depressed to approximately 
0.5 of the fret depth to the fret board (neck) 14. The ?nger 
force is shoWn perpendicular to the open string (having no 
component in the direction of string tension). These values 
and conditions are used for illustrative purposes only and 
should not be construed as limitations on the invention. 

According to the present invention, the length of the 
straight line connecting the nut to the bridge (dashed line) is 
subtracted from the sum of the 5 segments representing the 
fretted string (solid line). This difference is the length 
increase from fretting, AL. Tension increase is calculated 
from length increase according to Hooke’s laW With the 
folloWing formula: 

Where 
AT=Tension increase from fretting 
AL=Length increase from fretting 
D=String diameter (for Wound strings the effective core— 

the diameter of a plain string having equivalent longi 
tudinal stiffness—is used). 

LO=Length of open string from nut to bridge 
L1=Idle length beyond nut 
L2=Idle length beyond bridge 

For total cancellation of the tuning errors caused by fretting, 
in Equation (6) the folloWing values of tension T and length 
Ln should be used: 
T=(TO+AT) (sum of open string tension and tension 

increase from fretting) 
Ln=Playing Length (distance from active fret to bridge). 
Therefore, according to the present invention, ?rst the 

longitudinal pro?le of the neck is determined including the 
fret heights. This step is independent of frequency. Next, 
tension increase and total tension are calculated for each fret 
and string based on approximate fret distances With geo 
metric neck division, and ?nally the accurate fret distances 
are calculated to yield desired frequencies for each fret and 

string according to equation Longitudinal Pro?le of the Neck. 

The tops of all the frets may be placed in a straight line 
that is angled relative to the strings, and it is common 
practice to do so. This straight neck pro?le has the desirable 
effect that the tension increase due to fretting remains 
consistent throughout the neck, causing only minimal into 
nation errors. HoWever, because the present invention per 
mits total cancellation of frequency errors, and does so at 
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each fret and string combination individually, any neck 
pro?le can noW be used. A preferred neck pro?le is 
described below: 

The following description is made With regard to FIG. 13, 
Which is a schematic illustration of the preferred longitudi 
nal neck pro?le. In FIG. 13, a concave longitudinal neck 
pro?le 14 is shoWn. The string 42 extends over the nut 16 
and bridge 18. The unfretted location of string 42 is shoWn 
in dashed lines and the fretted position in solid lines. The 
playing fret or active fret is indicated by the numeral 100. 
The next higher fret 102 and next loWer fret 104 are also 
shoWn. 

In order to avoid buZZing or rattling When plucked, the 
string 42 must remain in contact With the fret 100 throughout 
the excursion range of the string’s vibration. The limit for 
doWnWard (toWards the fret board) excursion of the string 42 
is established by contact With the next higher fret 102. 

The maximum range of excursion before the string buZZes 
against the next higher fret is 26, Where 6 is the angle Whose 
vertex is the junction of the string With the top of the playing 
fret and Whose legs are the string, and a line 106 from the 
top of the playing fret 100 to the top of the next higher fret 
102. When designing the neck according to the present 
invention, a preferred longitudinal neck pro?le can be 
obtained as folloWs: First, the longitudinal fret distances 
from the nut are calculated assuming a geometric neck 
division (per prior art). Then, for each fret, the slope of the 
line connecting the top of the playing fret to the top of the 
next higher fret is chosen such that the angle 6 is constant 
throughout the neck. When large string amplitudes are 
desired, a large 6 is chosen. Small values of 6 result in 
lighter action. The principle of constant 6 angle establishes 
a curved longitudinal neck pro?le that is slightly concave as 
schematically illustrated in FIG. 13. Of course, the value of 
6 may be changed in different parts of the range of the neck 
if desired, resulting in other neck pro?les, including, but not 
limited to, a straight line. 

FIG. 13 shoWs a schematic neck pro?le. The neck pro?le 
is the vertical clearance betWeen the string and fret board 
(neck), also referred to as the elevation pro?le. This clear 
ance changes according to a pro?le (as a function of distance 
from the nut) along the neck. This pro?le may have a 
different shape for each string. If it does, and the strings are 
in a plane, the fret board Will then be a three-dimensional 
surface. Alternately the strings could be made not to be 
coplanar and the fret board could then be planar. 
Beats BetWeen Partials, Stretched Scales And “Targeted 
Tuning” 
We have explained the design of a guitar neck according 

to the present invention for a given set of strings and a 
“target” musical scale such as the 12-tone equal tempera 
ment (12-TET). It should be evident to those trained in the 
art, that the invention is not limited to a speci?c musical 
scale, but can be applied to any “target” scale With a 
mathematically de?ned set of frequencies. Some examples 
of such “target” scales are the Pythagorean scale, and the 
many forms of mean-tone tunings and temperaments. The 
advantage of these tunings over 12-TET may be realiZed 
When playing music that stays in one key or is limited to a 
feW closely related keys. This is a practice that is mostly 
abandoned. But a scale that is of particular interest is a 
modi?ed 12-TET Whose intervals are stretched according to 
the inharmonicity of the strings. This concept is called 
“targeted tuning”. In targeted tuning, the fret coordinates are 
calculated not strictly from the fundamental modes of vibra 
tion (Equations 2 and 5, or Equation 6 With m=1), but from 
equations including fundamental and higher modes of vibra 
tion (Equation 6 With mi 1). 
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The sound of a single musical note is comprised of 

multiple frequency components. Each frequency component 
is associated With a natural mode of a vibrating structure. 
The frequencies and relative levels of these components 
de?ne the tone. On a guitar, the tone of a note being played 
is de?ned by natural modes of string vibrations. These 
modes contain a fundamental frequency and a series of 
higher frequencies called partials. 
The partials of ideal strings (cable frequencies) are integer 

multiples of the fundamental frequency. Such a tone is 
referred to as a harmonic tone. With real strings, When 
tension is sufficiently high, the frequencies of the partials are 
very close to integer multiples of the fundamental frequency. 
This near-harmonic relationship among the frequency com 
ponents of taut strings is the operating principle of all 
stringed instruments. 
When playing intervals and chords With a guitar, string 

inharmonicity causes a modulation of the tone even When 
the respective fundamental frequencies are in tune. This 
modulation is sometimes heard as a cyclic increase and 
decrease in the amplitudes of some of the partials Whose 
frequencies are close but not identical to the partials from 
another string being simultaneously played. This phenom 
enon is knoWn in acoustics as a beat. Beats are strongest 
When the amplitudes of the beating partials are most nearly 
equal. 

Targeted tuning provides a preferred scale With stretched 
intervals aimed at minimiZing beats When playing chords on 
fretted instruments. This preferred scale is obtained from 
string properties Which must be either calculated or 
measured, principles of guitar sound production, the 
anatomy of the human hand and the psychoacoustics of 
human hearing as folloWs: 

It is Well-knoWn in the art of constructing and tuning 
pianos and other stringed keyboard instruments that the 
scale must be “stretched” to sound optimally in tune. On a 
piano, each note is typically tuned so that its fundamental 
coincides With the second partial of the note an octave loWer, 
thereby avoiding the most audible and disturbing beats. 
Since the strings are inharmonic and the second partials are 
sharp relative to second harmonics of the fundamental, the 
fundamentals of notes an octave apart therefore stand at 
ratios slightly greater than 2/1. 
A guitar present s far more difficult tuning problems than 

a piano, because most notes on the guitar can be played on 
more than one string, and each string has different inhar 
monicity. Even in combinations of tWo unisons and a note an 
octave higher, Which are not subject to the compromises of 
equal temperament, notes can exist on a guitar such that the 
?rst note is in tune With the second and the second is in tune 
With the third, but the third is not in tune With the ?rst. This 
problem occurs because the ratio betWeen the frequencies of 
the fundamental and the second partial of the tWo notes at 
unison may differ. While unisons are in most cases best 
tuned to each other by making their fundamentals equal, 
they are best tuned to the note an octave higher by making 
their second partials equal to the higher note’s fundamental. 
In this case, the loWer notes’ fundamentals Will no longer be 
equal. 

Furthermore, the most inharmonic string of the quitar is 
typically its loWest string. Inharmonicity is less on the higher 
Wound strings and then becomes greater With the loWest 
plain string (usually, the B or G string), decreasing again on 
the higher plain string or strings. Also, as already described, 
inharmonicity becomes greater at the higher frets of each 
string. 

Therefore, it becomes necessary to use a more sophisti 
cated scheme than the simple “stretching” of the scale of 
keyboard instruments to achieve optimal intonation on the 
guitar. 
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However, certain mitigating factors may be applied in 
order to render the problem tractable. 

The strongest output of the guitar is typically in its middle 
frequency range, and the strongest output of any single note 
is typically in the loWest feW partials. Also, it is Well knoWn 
that human hearing is much less sensitive at loW frequencies 
than at midrange frequencies. The rate of beats for equal 
frequency ratios becomes smaller, the loWer the frequency. 

The fretting hand can span only a limited range of frets. 
Therefore, intonation among notes Within the span of the 
hand is more important than intonation among notes Which 
exceed the span of the hand, With one important exception: 
intonation betWeen notes anyWhere on the neck and open 
strings is also important, since open strings can be played 
regardless of the location of the hand on the neck. 

Each string of the guitar can play only one note at a time. 
Therefore, precise intonation betWeen notes on a single 
string is less important than intonation betWeen notes on 
separate strings. 
By applying these characteristics of the guitar and those 

of human hearing, it becomes possible to reduce and to 
conceal the intonation errors betWeen strings, as folloWs: 

1) A frequency in the middle of the guitar’s range is 
designated as the “target frequency” for all notes Whose 
fundamental is beloW that frequency. For purposes of 
discussion, that frequency Will be taken to be the fundamen 
tal of the open high E string of the guitar, at approximately 
330 HZ. 

2) For any note on a loWer string Whose ?rst, second or 
fourth partial is nominally at this same frequency, the fret 
position for that note on that string is determined from 
Equation 6 to bring the “target” partial exactly into tune With 
all other partials on other strings Which are nominally at this 
“target” frequency. Since the guitar’s strings are inharmonic, 
and since the inharmonicity is unequal at different frets and 
on different strings, it should be clear, then, that loWer 
partials of notes With higher partials at the “target” fre 
quency Will fall beloW their ideal pitches, and by varying 
amounts. HoWever, the intonation error Will be largely 
inaudible because it is in the loWest frequency range of the 
guitar Where beats are sloW, the output, Whether acoustic or 
ampli?ed is relatively loW, and human hearing is relatively 
insensitive. 

3) At this point, only the frequencies of notes at the 
“target” frequency and at octave sub-multiples of this fre 
quency have been established. An additional step is required 
to establish the fundamental frequencies of other notes on 
each string Whose fundamentals are beloW the “target” 
frequency. These fundamentals are determined according to 
a mathematical curve ?t Whose X values (independent 
variables) are those of an ideal tuning (usually, 12-tone equal 
temperament) and Whose y values (dependent variables) are 
established (in step 2) according to the fundamentals of 
corresponding notes Which have a “target” partial. 
On some strings, there may not be enough “target” notes 

Within the actual playing range of the string on a guitar to 
develop a three-point or four-point (typically, quadratic or 
cubic polynomial) curve ?t In these cases, the physical 
parameters of the string are extrapolated to a greater length 
to derive the one or tWo additional points needed. 

4) In the range above the “target” frequency, beats are 
faster and the characteristics of human hearing and of the 
guitar’s output make the beats betWeen the loWest partials 
the most important ones. Therefore, the fundamental fre 
quencies of most notes in a range above the “target” fre 
quency are established by averaging the frequencies of the 
second partials of notes an octave loWer Which are Within the 
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span of the fretting hand. These notes are on the second and 
third strings beloW the string on Which the fundamentals are 
to be established. Transition into this region from the “tar 
geted” region beloW it is smooth and automatic, because the 
second partials on the loWer strings and the fundamental on 
the higher string are identical When they are at the “target” 
frequency. 

5) Due to the rapidly increasing inharmonicity of the loW 
E string in its highest range, tuning the higher frets of other 
strings to it as in 4) above Would result in their being out of 
tune With the open strings. Also, the higher partials of the 
highest frets on the loW E string are Weak, due to the 
near-central position of the plucking hand on the sounding 
part of the string, and to the relatively high damping of a 
short, thick sounding string. And, When higher partials 
become increasingly inharmonic and Weak, difference tones 
betWeen fundamentals become more important than coinci 
dence betWeen partials in establishing the subjective sense 
of accurate tuning. 

For these reasons, frets in the highest range of the middle 
strings of the guitar are located to be in tune With coincident 
partials of other open strings. For example, the 21“ fret of 
the G string may be located so its fundamental coincides 
With the second partial of the open high E string; the 21“ fret 
on the D string may be located so its fundamental coincides 
With the second partial of the open B string; and the 24”1 fret 
on the A string may be located so its fundamental coincides 
With the 3rd partial of the open D string (in this last case, 
adjusted for equal temperament so as also to achieve opti 
mum tuning against high frets of the other strings); 

6) Smooth transition betWeen the range of tuning by 
octaves as in 4) and that of tuning to open strings as in 5) is 
achieved by additional curve-?tting. The resulting intona 
tion in the highest range of the guitar produces the greatest 
possible harmoniousness, considering that any fret may be 
played along With open strings. 

All in all, then, several techniques are applied to produce 
the most subjectively accurate and harmonious tuning 
possible, given the characteristics of the guitar. 

In the simple embodiment described above, the compen 
sation for string tension increase and inharmonicity, and the 
targeted tuning as described up to this point, require that 
each fret be divided to provide a different length for each 
string. HoWever, additional techniques are possible to dupli 
cate or closely to approximate the same tuning While using 
conventional straight frets, Which may be either parallel as 
in the prior art, or angled With respect to each other. These 
techniques include: 

1) Adjustment of the longitudinal pro?le of the neck (that 
is, adjustment of the angle 6 at each fret) to achieve values 
of tension increase at the different frets such as to result in 
desired values of frequency shift. 

2) Use of a spring in series With a string, so as to increase 
the string’s effective longitudinal compliance and therefore 
to reduce the frequency shift due to tension increase. This 
measure has the additional advantages of making it possible 
substantially to equaliZe the lateral string displacement on 
all strings to achieve a given frequency shift (“bent note”), 
and to keep the string tension and therefore the frequency 
substantially constant despite differing amplitudes of string 
vibration. 

3) Adjustment of the vibrating length of the string at the 
bridge saddle, as in conventional intonating of the guitar 
already described. 

4) Use of a frequency sensor and/or fret sensor and a 
computer-controlled servomechanism to adjust the tension 
of the string to achieve a desired vibration frequency accord 
ing to Which fret is being played. 
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It can be shown mathematically that measures 1), 2) and 
3) taken together, along With an appropriate fret division, 
can result in a substantially accurate duplication of the 
desired targeted tuning on all strings. That is, measures 1), 
2) and 3) taken together can render the tuning exact on any 
three frets, With only very minor deviation from the desired 
tuning at other frets. The analytical approach used is that of 
geometric curve ?tting, similar to the method used in 
designing achromatic optical lenses. Measure 4 is a “brute 
force” method Which can achieve any desired tuning. 

The resulting “targeted tuning” requires a slightly differ 
ent adjustment of the pitches of the open strings than does 
the usual division of the neck. This adjustment may be 
achieved in either of tWo Ways: 

1) By adjusting notes Which have partials at the “target” 
frequency so that they do not beat against one another. For 
this tuning, a “target” frequency at the fundamental of the 
open high E string is optimal, because this open string 
provides a convenient tuning reference for the other strings. 

2) By means of an electronic tuning aid Which is cali 
brated to set the frequencies of the fundamentals of the open 
strings, or other selected frequencies, to the values required 
by the “targeted tuning.” 
Wound Strings 

In order to increase the linear mass density of a string 
Without adding unWanted stiffness, the bass strings of guitars 
are made by Winding a helical external Wire on a linear core 
Wire. Because the Windings contribute relatively little bend 
ing stiffness, the Wound string’s inharmonicity is less than 
that of a plain string of equal length and diameter tuned to 
the same fundamental frequency as the Wound string. 
Therefore, When calculating fret coordinates for Wound 
strings, the actual (measured) diameter of the Wound string 
must be replaced With an equivalent diameter that is either 
calculated or empirically determined. 
Boundary Conditions 

The exact shape of the deformation of the actual vibrating 
string is a function of many variables. These include geo 
metric and material properties at the vicinity of both ends of 
the vibrating length, including those of the ?nger fretting the 
string. FIG. 10 shoWs the upper string hinged at both ends 
and the loWer string clamped at both ends. The most accurate 
model for actual boundary conditions is to assume a rota 
tional restraint that is neither in?nitely ?exible (hinge), nor 
in?nitely rigid (clamp). Instead, the fret position for a given 
frequency can be calculated as a Weighted average of the 
values obtained from these tWo conditions. For a typical 
guitar string, the Weighting factors may be approximated as 
0.7 and 0.3 for clamped and hinged conditions, respectively. 
The Weighting factors may, hoWever, vary from string to 
string, from fret to fret, or betWeen fretted notes and open 
strings. 
Mechanical Impedance 

The above consideration of boundary conditions is for the 
case When the fret or nut, and the bridge saddle, do not 
move. Mechanical impedance is de?ned as the ratio of force 
to velocity at a point. An immovable object has in?nite 
mechanical impedance at all points. Due to resonances in the 
guitar body and neck and to their ?nite mass and stiffness, 
the boundaries of string vibration (bridge saddle, nut or fret) 
have a ?nite mechanical impedance that is a function of 
frequency. 
A consequence of resonances in the body of a musical 

instrument is repeated cycles of lengthening and shortening 
of the effective lengths of strings as the frequency is con 
tinuously increased. For instruments With relatively rigid 
construction, such as most solid-body electric guitars, this 
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additional length change is negligibly small. But according 
to one embodiment of the present invention, fret locations 
are calculated from fundamental and partial frequencies 
calculated using the frequency-dependent mechanical 
impedance. This frequency dependence may be measured, 
or it may be predicted by common methods of structural 
dynamics, such as the Finite Element Method. 

FIG. 1 shoWs a prior art musical instrument 10. The 
musical instrument 10 shoWn in FIG. 1 is a six stringed 
electrical guitar. The musical instrument 10 shoWn in FIG. 
1 includes a body 12, a neck 14 extending from the body 12 
and a nut 16 extending transversely across the neck 14. A 
headstock 24 extends from the neck 14, and is shoWn in FIG. 
1. The stringed musical instrument 10 also includes a bridge 
18. Aplurality of strings 20 is supported betWeen the nut 16 
and the bridge 18. FIG. 1 also shoWs a plurality of frets 22 
extending perpendicular across the neck 14. FIG. 2 is an 
enlarged vieW of a portion of the neck 14 of the instrument 
10 shoWn in FIG. 1. FIG. 3 is a larger vieW of a smaller 
portion of the neck 14 shoWn in FIG. 2 to more clearly shoW 
orientation of the frets 22. 
The present invention relates to a stringed musical instru 

ment 10 comprising a neck 14. FIG. 4 shoWs a partial vieW 
of the present invention 10. The neck 14 is shoWn broken. 
The instrument 10 also includes a nut 16 on the neck 14. It 
Will be apparent to those of skill that the strings are generally 
supported at the bridge by saddles. Typically, the bridge 
includes one saddle for each string. These saddles are 
located at predetermined distances from the corresponding 
parts of the nut. These distances are in general different for 
each string. For clarity, the invention is described Without 
reference to saddles, generally. FIG. 4 also shoWs a plurality 
of frets 26 spaced along the neck 14 at a respective plurality 
of distances 28 from the nut 16. In the present invention at 
least one of the respective plurality of distances 28 from the 
nut 16 is calculated from a predetermined formula having a 
stiffness parameter. The stiffness parameter is typically a 
bending stiffness parameter, or a longitudinal stiffness 
parameter, or both. 

It is noted that When distances, such as distances 28, are 
de?ned betWeen tWo supports such as the nut 16 and one of 
the frets 26, the distance Will be the distance betWeen those 
points upon the supports Which are engaged by the string. 
For example, depending upon the pro?le of the nut 16 the 
string could rest on the centerline, the forWard edge, the rear 
edge or some other point upon the nut 16. 

In one preferred embodiment the stiffness parameter 
includes a modulus of elasticity. 

In some embodiments of the musical instrument 10 the 
neck 14 comprises a central axis 30. The central axis 30 is 
also referred to herein as a longitudinal axis 30. In a 
preferred embodiment of the instrument 10 a majority of the 
plurality of frets 26 are oblique relative to the central axis 30 
of the neck 14. As used herein oblique refers to an angle 
other than 0< or 90° relative to the central axis 30. That is, 
a fret 26 Which is oblique to the central axis 30 is neither 
parallel nor perpendicular to the central axis 30. It Will be 
understood that a fret 26 at an oblique angle is not parallel 
to the central axis 30 either. The oblique fret lies at some 
angle, relative to the central axis betWeen parallel and 
perpendicular. 

In some embodiments, the frets 26 are straight. This is 
shoWn in FIGS. 4 and 5. HoWever, in other embodiments the 
frets 26 are curved. This is shoWn in FIG. 6. It Will be 
apparent to those of skill in the art that the curving of the fret 
may be in a plane that includes the central axis and at least 
one of the end points of the frets. 
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FIG. 7 shows an enlarged vieW of a neck 14 similar to the 
one shown in FIG. 5. Another embodiment of the present 
invention is for a stringed instrument 10 comprising a neck 
14 and a nut 16 on the neck 14. Referring noW to FIG. 7, the 
instrument 10 includes a plurality of frets 26 spaced along 
the neck 14. Each fret 26 includes a ?rst portion 32 and a 
second portion 34. The ?rst portion 32 of at least one 36 of 
the plurality of frets 26 is spaced a respective ?rst portion 
distance 44 (not shoWn in FIG. 7, see FIG. 8) from the nut 
16. The respective ?rst portion distance 44 of the at least one 
fret 36 is calculated from a predetermined formula having a 
?rst string stiffness parameter. In some embodiments the 
stiffness parameter is a bending stiffness, a longitudinal 
stiffness, or both. The second portion 34 of the at least one 
36 of the fret 26 is spaced a respective second portion 
distance 50 (not shoWn in FIG. 7, see FIG. 8) from the nut 
16. The respective second portion distance 50 of the at least 
one fret 36 is calculated from a predetermined formula 
having a second string stiffness parameter. 

In the embodiment shoWn in FIG. 7, at least one fret 36 
is straight betWeen the ?rst portion 32 and the second portion 
34. In other embodiments, the at least one fret 36 is curved 
betWeen the ?rst portion 32 and the second portion 34 (see 
FIG. 6). 

The present invention also comprises a method of manu 
facturing a musical instrument 10 comprising the steps of 
calculating the desired positions 28 (also referred to as 
respective distances from the nut) at Which to locate the frets 
26. The step of calculating is a function of the respective 
stiffnesses of the respective strings 38. (See FIG. 7). The 
method also includes the steps of locating the frets 26 at the 
desired positions. 

Lengthening of the string 38 due to its depression to 
contact the playing fret 26 may be accounted for in the 
method as Well. LikeWise, the indentation of the string, or 
the string pro?le, by the fretting ?nger may be taken into 
account. One may also compensate for non-ideal boundary 
conditions and ?nite mechanical impedance at the bound 
aries. 

Generally the method comprises the step of selecting a 
musical scale the instrument 10 Will be adapted to play. In 
some embodiments the musical scale is a Pythagorean scale. 
In others the musical scale is a micro-tonal scale or a scale 
of just intonation. HoWever, most usually the musical scale 
is an equal-tempered scale. In most preferred embodiments, 
the musical scale is a tWelve-tone-equal tempered scale, or 
a “stretched” scale approximating a tWelve-tone equal 
tempered scale. 

It Will be apparent to those of skill, that respective musical 
scales for the respective strings 38 may be selected, and that 
the respective musical scales may be stretched respective 
amounts. Additionally, the musical scales may be stretched 
on different portions of the respective strings based upon 
correspondingly different criteria. 

Portions of the respective strings may have fundamentals 
beloW a speci?ed frequency, Which is in the middle of the 
instrument’s range. An embodiment of the invention may 
include stretching the musical scales on portions of the 
respective strings to place partials, Which are nominally at 
the speci?ed frequency, precisely at the speci?ed frequency. 

Similarly, portions of the strings may have fundamentals 
above a speci?ed frequency, Which is in the middle of the 
instrument’s range. One embodiment includes stretching the 
scales on these portions to place the fundamentals at fre 
quencies averaged among those of the partials of notes an 
octave loWer Within the span of the fretting hand. 

It Will also be apparent that the scales may be stretched on 
portions of the strings at the highest frets. This can be done 
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to place those fundamentals at frequencies Which coincide 
With fundamentals or partials of open strings. 

In some embodiments the method further comprises 
selecting a respective plurality of predetermined frequencies 
for each respective string 38 such that the instrument 10 is 
capable of producing notes of the tWelve-tone-equal 
tempered scale or other scale. As shoWn in FIG. 7, the step 
of locating the fret 26 typically comprises locating a respec 
tive portion of each fret 26 under each respective string 38 
at a distance relative to the nut (see FIG. 8). Each fret 26 is 
located such that When the respective string 38 is fretted at 
the respective portion of each fret 26, the respective string 
38 Will vibrate near one of the respective predetermined 
frequencies. 

Referring to FIG. 8, another method of manufacturing a 
musical instrument 10 comprises the steps of selecting a 
musical scale; and calculating an open-scale length 40 for a 
?rst real string 42 having a stiffness to produce a ?rst 
open-scale note of the musical scale. The step of calculating 
includes solving a formula having a string stiffness param 
eter and utiliZing the ?rst string stiffness value as the value 
for the stiffness parameter. It Will be understood that the 
stiffness parameter may include bending and longitudinal 
components (i.e. parameters). 

In an another embodiment of the invention, the method 
comprises the step of calculating a plurality of fretted scale 
lengths 44 for the ?rst real string 42 to produce a ?rst 
corresponding plurality of notes of the musical scale. Gen 
erally the step of calculating the fretted scale lengths 44 
includes solving the formula utiliZing the ?rst string stiffness 
parameter as the value for the stiffness parameter. The 
method also comprises the step of locating a respective 
plurality of frets 26 at the ?rst string fretted scale lengths 44. 
As Will be apparent to those of skill in the art the method 

also comprises the step of calculating an open-scale length 
46 for a second real string 48 having a stiffness to produce 
a second open-scale note of the musical scale. Typically, the 
step of calculating includes solving the formula utiliZing the 
second string stiffness value as the value for the stiffness 
parameter. The method also includes calculating a plurality 
of fretted scale lengths 50 for the second real string 48 to 
produce a second corresponding plurality of notes of the 
musical scale. The step of calculating the fretted scale 
lengths 50 includes solving the equation utiliZing the stiff 
ness value of the second real string 48 as the value of the 
stiffness parameter. 

In one embodiment, the method comprises the steps of 
providing a plurality of frets 26 having respective ?rst 32 
and second 34 portions. The method includes locating the 
respective ?rst portions 32 of the frets 26 under the ?rst 
string 42 at the fretted scale lengths 44; and locating the 
respective second portions 34 of the frets 26 under the 
second string 48 at the fretted scale lengths 50. 
As shoWn in FIG. 7, one embodiment of the method 

comprises the step of maintaining the frets 26 in respective 
straight lines betWeen the respective ?rst portions 32 and 
second portions 34. This is also shoWn in FIG. 8. FIG. 8 
depicts a method Which includes the step of orienting a 
majority of the frets 26 obliquely relative to the central aXis 
30 of the neck 14. 

Another embodiment of the present invention includes the 
step of minimiZing a maXimum fret angle relative to a line 
perpendicular to the central aXis. FIG. 7 shoWs a fret angle 
54 relative to a line 52 perpendicular to the central aXis 30. 
In one embodiment the step of minimiZing a maXimum 
value of the fret angle 54, also referred to as the maXimum 
angle, comprises the step of orienting at least tWo frets 
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parallel to each other. In FIG. 8 fret 58 and 60 are tWo frets 
parallel to each other. Preferably the step of minimizing the 
maximum angle comprises orienting tWo interior frets par 
allel to each other. Interior fret is intended to mean other than 
the ?rst fret adjacent the nut 16 or the last fret spaced aWay 
from the nut 16 (eg the furthest adjacent fret, With frets 
betWeen the last fret and the ?rst fret). In some embodiments 
the method comprises the step of orienting the tWo parallel 
frets 58 and 60 perpendicular to the central aXis 30 of the 
neck 14. In FIG. 8 frets 58 and 60 are shoWn perpendicular 
to the central aXis 30. In some embodiments the method 
comprises the step of curving the frets. This is shoWn in FIG. 
6. It Will be apparent to those of skill in the art that the step 
of curving the frets 26 comprises the step of curving the frets 
through a plurality of third string fretted scale lengths. 

Another embodiment of the invention comprises the 
method of manufacturing a musical instrument 10 compris 
ing the steps of utiliZing real strings 62 having real stiff 
nesses. See FIG. 7 in Which the respective strings 38 are real 
strings 62. The method includes calculating the desired 
positions at Which to locate the frets 26 utiliZing a formula 
accounting for the real stiffnesses of the real strings 62. The 
method includes locating the frets 26 at the desired posi 
tions. As shoWn in FIG. 7 the method may include a step of 
slanting a plurality of frets 26 relative to the central aXis 30 
of the neck 14. 

One embodiment of the present invention includes a 
stringed musical instrument 10 comprising a neck 14 having 
a longitudinal aXis 30; a plurality of frets 26 oblique relative 
to the longitudinal aXis 30 and a nut 16 perpendicular to the 
longitudinal aXis 30 of the neck 14. This is an embodiment 
similar to the one shoWn in FIG. 5. Referring to FIG. 8, the 
instrument 10 may comprise a fret 60 perpendicular to the 
longitudinal aXis 30 of the neck. In some embodiments, as 
shoWn in FIG. 8 the fret 60 is the last fret 60 perpendicular 
to the longitudinal aXis 30 of the neck 14. 

In some embodiments of the instrument 10 the plurality of 
frets 26 is located a plurality of predetermined distances 28 
from the nut 16. The distances 28 are determined for 
representative real strings 62 having stiffnesses. Typically 
the real strings have both bending and longitudinal stiff 
nessess. Generally the predetermined distances 28 are deter 
mined to produce notes of a predetermined scale. As has 
been mentioned, the instrument 10 may comprise tWo par 
allel frets. In FIG. 8, the tWo parallel frets are 58 and 60. 
Also, as is the case shoWn in FIG. 8, the tWo parallel frets 
may be perpendicular to the longitudinal aXis 30 of the neck 
14. Also, as shoWn in FIG. 8, the tWo parallel frets may be 
the ?rst fret 58 adjacent to the nut 16 and the last fret 60 
aWay from the nut 16. 

The present invention also includes a stringed musical 
instrument 10 comprising a neck 14 having a longitudinal 
aXis 30; and a plurality of fanned frets 94 across the neck 14. 
See FIGS. 4 and 11; FIG. 11 is similar to FIG. 4, hoWever, 
the frets are shoWn fanned. Amajority of the fanned frets 94 
are oblique relative to the longitudinal aXis 30 of the neck 
14. The fanned frets 94 shoWn are substantially similar to the 
frets 26. Generally the reference numbers 94 and 26 may be 
interchanged When discussing fanned frets. FIG. 8 shoWs an 
embodiment Wherein at least tWo of the fanned frets 26 are 
parallel to each other. In some embodiments the tWo parallel 
fanned frets are perpendicular to the longitudinal aXis 30 of 
the neck 14. 
As Will be apparent to those of skill in the art, the fanned 

frets 26 may be curved, as in FIG. 6. 
FIG. 8 shoWs an embodiment Wherein the nut 16 is 

perpendicular to the longitudinal aXis 30. 
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FIG. 9 shoWs a comparison betWeen a conventional neck 

division and a neck division according to one embodiment 
of the present invention.Both ?ngerboards are for a nomi 
nally 628 mm scale. In FIG. 9 the ?ngerboard 70 comprises 
tWenty-four (24) frets denoted by their fret numbers 
enclosed in circles. Each fret shoWn in ?ngerboard 70 
includes a loW side and a high side. The loW side is 
calculated for a Wound loW-E string having a diameter of 
0.046 inch, a steel core of 0.018 inch effective diameter, and 
a linear mass density of 0.0064 kg/m. The high side is 
calculated for a plain high-E string made of steel having a 
diameter of 0.010 inch. The distances from the loW-E side 
and the high-E side of each fret to the corresponding side of 
the nut 16 are shoWn in Table 2 beloW. The fret slant is the 
difference betWeen the loW-E side and the high-E side. Table 
2 and FIG. 9 are for one embodiment of the present 
invention Where the nut and the 24”1 fret are made straight 
and parallel. In this design, the length compensations are 1.3 
mm and 0.1 mm, for the loW-E and high-E strings, respec 
tively. The neck design depicted in FIG. 9 and Table 2 is only 
an illustrative eXample of one of many embodiments of the 
present invention. In general, When designing the neck to 
compensate for tension increase from fretting, according to 
the present invention the longitudinal fret coordinates (Table 
2) and the plan vieW of frets (FIG. 9) Would depend on the 
action pro?le. In this illustrative eXample conventional 
action is assumed and tension increase from fretting is not 
compensated. As a result, With a straight neck the optimal 
length compensations Would slightly differ from the values 
given above, depending on action height. 

TABLE 2 

Distance From Nut in mm Fret Number 

LoW-E String High-E String (Nut = 0) Fret Slant in mm 

0.000 0.000 0 0.000 
35.289 35.251 1 0.038 
68.595 68.524 2 0.071 

100.030 99.928 3 0.102 
129.699 129.570 4 0.129 
157.700 157.548 5 0.152 
184.128 183.956 6 0.172 
209.070 208.881 7 0.189 
232.610 232.407 8 0.202 
254.826 254.613 9 0.213 
275.792 275.571 10 0.220 
295.578 295.354 11 0.225 
314.251 314.025 12 0.226 
331.873 331.649 13 0.224 
348.502 348.282 14 0.219 
364.194 363.982 15 0.211 
379.001 378.801 16 0.201 
392.973 392.787 17 0.187 
406.157 405.988 18 0.170 
418.596 418.447 19 0.149 
430.333 430.207 20 0.126 
441.405 441.306 21 0.099 
451.851 451.781 22 0.070 
461.705 461.669 23 0.037 
471.000 471.000 24 0.000 

FIG. 9 also illustrates a ?ngerboard 70 that accommodates 
steel strings of different diameters on opposite sides of the 
?ngerboard 70. With the assumption that the intermediate 
strings (See FIGS. 7 and 8) in a matched set of strings are 
manufactured With speci?c diameters to accommodate this 
scheme, the frets can be straight lines as depicted in FIG. 7. 
Optionally, or additionally, springs can be utiliZed and 
varied to reduce the effective longitudinal stiffness of some 
or all strings. 
The present invention also encompasses a ?ngerboard 70 

(See FIG. 9) for a musical instrument 10. The ?ngerboard 70 














